Oilseed rape needs a large amount of N during growth, and the N application level significantly influences the growth and seed quality of oilseed rape (Liu, 1987; Sun et al., 2010; Zou et al., 2009) . Nitrogen efficiency (NE) is defined as seed yield per unit N application (Moll et al., 1982; Liu, 1987) . For resource conservation, improvement of environment, selection of stress tolerant crops, and cultivation of high NE oilseed rape varieties, and maintaining seed yield under reduced N application condition are now gathering concern around the world. NE differs with the genotype significantly, and is decreased by the increased N application level (Wiesler et al., 2001; Christian et al., 1999) . N use efficiency (NUE) and N absorption efficiency (NAE) are important resources of NE changes under a normal N application and N-deficient condition, but the contribution of NUE was decreased and that of NAE was increased under an N-deficient condition (Liu et al., 2009) . A higher NE has been reported in varieties with a lower N concentration in dropping leaves (Kessel et al., 1999) , larger amount of N accumulation and higher N harvesting index (Kessel et al., 1999; Song et al., 2008) . Root biomass is probably an important index for evaluation of oilseed rape NAE (Cao et al., 2010) . The NUE of oilseed rape was increased by increasing the GOGAT (glutamine oxoglutarate aminotransferase) and GS (glutamine synthetase) activities by a transgenic method (Seiffert et al., 2004) .
The contents of oil, protein and fatty acid in seed of oilseed rape are important indexes of seed quality. A better N nutrient condition was found to increase protein content, but also to decrease oil content (Zhao et al., 2007; Li et al., 2007) . However, there are few detailed studies on the oil content and quality at different N application levels. In the present study, we determined the changes in NE, seed yield, protein and oil contents of seed of various oilseed rape varieties at different N application levels to reveal the relationship between NE and seed quality, and to provide a scientific basis for rational N application that relieves the incompatibility of protein content with oil content in seed quality improvement.
Materials and Methods

Plant materials and treatments
A trial experiment was conducted at the Agricultural Resources and Environment Department, Hunan Agricultural University using bin270 a typical high NE variety, and H29 a typical low NE variety. The two varieties were selected from 30 oilseed rape varieties during the past 10 years in Hunan province, which is the main growing area of oilseed rape cultivar in China. All varieties were provided by the Hunan Subcenter of the Improvement Center of the National Oil Crop, and required vernalization.
According to Moll et al. (1982) , the soil N supply is difficult to calculate. In this study, NE was defined as the crop yield at a unified N application level (at the same growth stage) as reported by . The mean yield of bin270 is significantly higher than that of H29 under the field experiment condition. Plants were grown in perlite sand (washed with water and diluted HCL) in plastic pots (30 cm×30 cm) with a brown color in a glasshouse at the field experiment station of Hunan Agricultural University (Southern China), under natural light and water applied in combination with culture solution.
The experiment was conducted in a completely random design with 5 replications each. The concentration of N applied was 0.6, 3, 6, 12 and 15 mmol L -1 respectively, shown as N 1 , N 2, N 3 , N 4 and N 5 , respectively. N 5 treatment was Hoagland (Gao, 2000) 
Methods of measurement
Seeds of oilseed rape were dried and weighed after harvest. The protein content, oil content and fatty acid composition were then measured by the following methods. Oil yield was calculated as seed yield and oil content:
Protein content was calculated as 6.25 x total nitrogen (TN), measured by the Kjeldahl method (Bao, 2005) . Oil was extracted with a fat analyzer (SZF-06A), and the oil content was calculated by a method reported previously (Guan, 1985) . Fatty acid composition was measured after digestion by a mixture of diethyl-ether/petroleum ether (1:1), and measured by gas chromatography (Agilent 1200) (Guan, 1985) .
Data analysis and calculation
NE was calculated (Moll et al., 1982; as seed yield (g) divided by N supply (g). N supply was calculated from the nutrient solution volume and N concentration during all growth stages.
The data was analyzed using SPSS software and Microsoft Excel 2003 software; the differences between varieties were analyzed by t-test. Differences between N application levels were analyzed using SPSS software, SSR Multi-comparison was further applied for differences considered significant in the variance analysis between different N application levels. The t-test for varietal difference was performed for each N treatment; analysis of variance for treatment effect was performed for each variety. ) in different oilseed rape varieties at different N application levels. Different letters indicate significant differences in the five N treatments at the 5% level. Asterisks indicate significant difference between the two varieties at the same N level according to t-test (P<0.05). 
Responses of seed yield to N application levels
As Fig. 1 shows, the seed yield of the two oilseed rape varieties increased with the increase in N application level, and the rate of increase was higher in the high NE variety, bin270, than in the low NE variety, H29. The difference in seed yield with the N application level was significant in bin270. However, there was no significant difference in seed yield between N 4 and N 5 levels in H29. Obviously, bin270 responded better to the increase in N application. The seed yield of bin270 was always higher than that of H29 under different N application levels, and the differences between the 2 varieties were significant. The seed yield of bin270 was 17.5, 31.1, 25.7, 20.1 and 38.1% higher than that of H29 at the N 1 , N 2 , N 3 , N 4 and N 5 level, respectively.
Responses of NE to N application levels
NE in Table 1 was calculated from seed yield and solution N supply. NE of the 2 varieties decreased with the increase in N application level. The degree of decrease was especially high at lower N application levels. The decrease in bin270 and H29 was the highest, 65.8% and 69.3%, respectively, when the N application level was increased from N 1 to N 2 , and that in bin270 and H29 was the lowest, 3.9% and 16.4%, respectively, when the N application level was increased from N 4 to N 5 . The results also showed that bin270 always had a higher NE than H29 regardless of N application level. This decrease was probably because the marginal physical product (MPP) decreased with the increase in N application level.
Responses of seed quality to N application levels (1) Protein content
As Fig. 2 shows, the seed protein content of the two varieties increased with the increase in N application level from N 2 to N 5 , but it was higher at N 1 than at N 2 , probably because of the "concentration effect" that was caused by a decrease in dry biomass under a serious N-deficient condition. Protein content was higher at N 4 and N 5 than at the other N levels in both varieties, but the protein content was lower at N 2 than at other N levels. Except at N 1 , there were no significant differences in protein content between the two varieties, and there was no advantage of high protein content in the high NE variety.
(2) Fatty acid composition As Table 2 shows, the N application level hardly affected the fatty acid composition of oilseed rape: erucic acid and arachidonic acid contents were decreased with the increase in N application level, but there were no significant changes in the contents of the other fatty acids.
The changes in erucic acid and arachidonic acid contents with the N application level were obviously more marked in bin270 than in H29. The erucic acid content was 60.7 and 32.4% lower in bin270 and H29, respectively, and the arachidonic acid content was 31.8 and 27.4% lower, respectively, at N 5 than at N 1. This was due to the higher dry biomass accumulation in the high NE variety bin 270 than in the low NE variety H29 when the N application level was high. (3) Oil content and yield As Fig. 3 shows, the oil content in seed was decreased with the increase in N application level. The oil content was 16.1 and 19.4% higher at N 1 than at N 5 in bin 270 and H29, respectively, and the differences in oil content between successive N application levels were larger at a higher N application level. Oil content of bin270 was higher than that of H29 at all N application levels, and differences in oil content between succssive N 3 , N 4 and N 5 treatments were significant. The oil content decreased with the increase in N application level, but oil yield was 29.1, 33.2, 36.5, 31.2 and 45.3% higher in bin270 than in H29 at N 1 , N 2 , N 3 , N 4 and N 5 , respectively (Table 3) .
Discussion
Protein content, oil content and fatty acid composition are important quality parameters of the seed of oilseed rape. The protein content of oilseed rape increased but the oil content decreased with the increase in N application level (Zhao et al., 2007; Li et al., 2007; . Similar results were obtained in the present study in both high NE and low NE varieties. The larger the amount of protein accumulated, the larger the amount of carbohydrate exhausted. Therefore, the increase in N application level may increase the amount of protein accumulated, but with a concomitant decrease in oil accumulation. The oil yield in the high NE variety decreased from the N 4 to N 1 level, but that in the low NE variety decreased from the N 3 to N 1 level, suggesting that the oil content in the seed of the high NE variety was not decreased by the application of less N, that the high NE variety has better oil accumulation ability than the low NE variety. However, this was not the case under a serious N-deficient condition (N 1 and N 2 ).
Generally, the effect of N application level on fatty acid composition is weaker than that on protein and oil contents (Sun et al., 2010; Zhao et al., 2007; Li et al., 2007) . In this study, only erucic acid and arachidonic acid contents were negatively related to the N application level, and the other fatty acids were hardly affected by the N application level. The above results showed that the fatty acid content of oilseed rape mainly depends on genetic factors and is hardly influenced by N application level (Osborne et al., 1978; Ahmad et al., 2000) . These results suggest that the fatty acid composition is not greatly influenced by breeding of high NE varieties or by changing the N application level.
In brief, the seed yield of oilseed rape can be increased by two factors, N application level and NE, but the effects of the two factors on seed yield and quality are different. Seed yield was increased, but seed oil content was decreased by the increase in N application level in the low NE variety. However, in the high NE variety, seed yield and seed oil content were greater compared with the low NE variety because of its high NAE and high NUE. Therefore, oil yield is higher in the high NE variety than in the low NE variety and there are significant differences in oil yield between the two varieties under all N conditions. However, the above results were obtained on only two varieties, and Asterisks indicate significant difference between the two varieties at the same N level according to t-test (P<0.05). the essential relationship between NE and seed quality needs to be studied more extensively using many more oilseed rape varieties.
Conclusions
(1) There were significant differences in seed yield, NE and oil yield between the high and low NE varieties. These values were higher in the former than in the latter at all N application levels, but there was little difference in the protein content and fatty acid composition in seed between the two varieties.
(2) Seed yield, oil yield and protein content of seed were increased with the increase in N application level, but the oil content was decreased, and fatty acid composition of seed was influenced only slightly by N application level; the contents of only erucic acid and arachidonic acid were slightly decreased by the increase in N application level.
(3) Seed yield increased, but the oil content of seed decreased more drastically with the increase in N application level in the low NE variety. However, both seed yield and oil content increased with the increase in N application. These results suggest that seed quality will not be worsened by breeding of high NE varieties.
